Skin exposure to nickel, cobalt, and chromium may cause sensitization and allergic contact dermatitis and it is known that many alloys and platings may release significant amounts of the metals upon contact with skin. Occupational exposure to these sensitizing metals has been studied in different settings with regards to airborne dust and different biological end points, but little is known about deposition on skin from airborne dust and direct contact with materials containing the metals. In this study, skin deposition was studied in 24 workers in an industry for development and manufacturing of gas turbines and space propulsion components. The workers were employed in three departments, representing different exposure scenarios: tools sharpening of hard metal items, production of space propulsion structures, and thermal application of different metal-containing powders. A novel acid wipe sampling technique was used to sample metals from specific skin surfaces on the hands and the forehead of the workers. Total amounts of nickel, cobalt, and chromium were measured by inductively coupled plasma mass spectrometry. The result showed that nickel, cobalt, and chromium could be detected on all skin surfaces sampled. The highest level of nickel was 15 mg cm 22 h 21 , the highest for cobalt was 4.5 mg cm 22 h 21 , and for chromium 0.6 mg cm 22 h 21 . The three departments had different exposures regarding the metals. The highest levels of nickel on the skin of the workers were found in the thermal applications department, cobalt in the tools sharpening department, and chromium in the space propulsion components department. In conclusion, the workers' exposure to the metals was more likely to come from direct skin contact with items, rather than from airborne dust, based on the fact that the levels of metals were much higher on the fingers than on the back side of the hands and the forehead. The skin exposure levels of nickel and cobalt detected are judged capable to induce sensitization and elicit allergic contact dermatitis.
INTRODUCTION
Occupational exposure to the sensitizing metals nickel, cobalt, and chromium has been studied in different settings with regards to airborne dust and different biological end points Lison et al., 1994; Linnainmaa and Kiilunen, 1997; Beckett, 2000; Bock et al., 2003; Lidén et al., 2006a; Uter et al., 2004) , but little is known about deposition on skin from airborne dust and direct contact with materials containing the metals. Skin exposure to these metals may cause sensitization and elicitation of allergic contact dermatitis (Lidén et al., 2006a) and it is known that many alloys and platings may release significant amounts of the metals upon contact with *Author to whom correspondence should be addressed. Tel: þ46-8-52480052; fax: þ46-8-33-43-33 ; e-mail: anneli.julander@ki.se skin (Flint, 1998) . In general, occupational exposure limits refer to the concentration of substances in the air, not to skin exposure levels. In Sweden; nickel, chromium, and several of their compounds carry a notation that they are sensitizing. Some of the metal compounds are also classified as skin sensitizer (R 43) according to the EC Dangerous Substances Directive (67/548/EEC ECD, 1967) . Nickel in certain items intended for direct and prolonged contact with the skin and chromium (VI) in cement are limited by the EC Limitations Directive, due to their skin-sensitizing properties (76/769/EEC ECD, 1976; 94/27/EC EpaCD, 1994; Lidén, 2001) .
Studies of skin exposure to nickel, cobalt, and chromium and associated contact allergy among hard metal workers have shown high prevalence of hand eczema as well as other skin-related problems, especially on the hands Rystedt, 1983, 1985; Rystedt and Fischer, 1983; Linnainmaa and Kiilunen, 1997) . Cobalt and chromium deposited on the skin were measured by consecutive handwashing showing 0.4-6.7 and 0.14-1.6 mg, respectively (Linnainmaa and Kiilunen, 1997) .
A range of methods has been developed for assessment of skin exposure to chemicals, among them are different washing and wiping techniques (Brouwer et al., 2000) . Washing techniques often involve washing the entire hands and collecting the washing liquid. One limitation is that it is difficult to obtain the dose of the contaminant per unit area of the skin. With wipe methods and tape stripping, the area may be specified, which is of particular interest for skin sensitizers and risk assessment. We have recently developed a method for assessment of skin exposure to nickel, cobalt, and chromium by acid wipe sampling (Lidén et al., 2006b) , which we applied in a study of locksmiths, cashiers, and carpenters with secretaries as controls (Lidén et al., 2008a) , as well as in a controlled study simulating cashiers' intense coin handling (Lidén et al., 2008b) .
The aim of this study was to investigate deposition of nickel, cobalt, and chromium onto the skin of workers employed at an industry for development and manufacturing of components for gas turbines and space propulsion, using several metal alloys, stainless steels, hard metal items, and metal powders for thermal application.
METHODS

Study population
At an industry for development and manufacturing of components for gas turbines and space propulsion, three departments were chosen for this study. The departments were chosen since skin exposure to nickel, cobalt, and chromium was likely to occur there, based on discussions with the company's health and security engineer. The job tasks in the three departments were (i) sharpening of hard metal drills, cutting tips and blades (tungsten carbides containing cobalt); (ii) production of nozzles and other combustion structures (metal alloys containing nickel, cobalt, and chromium); and (iii) thermal application of different surface layers on solid metal items (powders containing nickel, cobalt, and chromium).
All workers in the three selected departments (n 5 80) were invited to participate in the study. In total 37 workers (46%) agreed to participate. Out of these, we randomly selected eight workers from each department, in total 4 women and 20 men, to participate in the exposure assessment. The average age was 46 years (range 26-63 years). The tasks performed at the different workstations within each department are presented in Table 1 . The study was approved by the Regional Ethical Research Board in Stockholm. All subjects gave their informed consent.
Sampling strategy
Selection of skin areas for sampling was based on previous experience during the development of the acid wipe sampling technique (Lidén et al., 2006b) and the application of it in different occupational settings (Lidén et al., 2008a,b) , as well as observations of the workers' different tasks in the present study. The selected sampling areas were the forehead (9 cm 2 ); back of the hand (9 cm 2 ); the palm (9 cm 2 ); and the fingertips of the thumb, index, and middle finger (all 2 cm 2 , respectively) of the dominant hand. In this study, each worker acted as his or her own control by sampling of the precleaned and covered little finger (2 cm 2 ) on the helper hand. No other wipe samples were taken from skin or other surfaces to avoid interfering too much with the production.
Each of the three departments was visited by us on one of three consecutive days. Each worker had been given a specific time when to report to the research operator. Upon arrival, the workers washed their hands thoroughly with soap and water. Then the operator washed the hands with 1% nitric acid to remove metals from the surface of the skin and then rinsed with deionized water. The same procedure was employed for the forehead, but the acid washing was carried out by wipes moistened with 1% nitric acid. After cleaning, the little finger on the helper hand was covered by the corresponding parts of Skin deposition of nickel, cobalt, and chromium 341 For each department, the eight participating workers are described with gender, work title, work task during the sampling day, and their glove usage in the study and how they normally work with gloves as well as the exposure time of the skin surfaces before sampling.
a Sometimes use gloves due to company policy when performing certain tasks. cotton and plastic gloves fixed by tape. This cover was kept on during the entire exposure period which was $2 h (range 1.7-2.3 h). During this time, the workers performed their regular work tasks. If the worker normally worked with gloves, they were asked to work if possible and appropriate without gloves, so we could measure the deposition of the metals on their hands. The company policy on gloves stated that gloves had to be used for the protection of goods in some specific situations in the studied departments and that gloves were optional in some other tasks. In dialogue with the company health and security engineer, the occupational health physician, and the departments' managers, it was concluded that working without gloves during the exposure period, in tasks where gloves were optional, would not alter the risks to workers. Based on this, we asked the workers if they would agree to work without gloves according to company rules, so that we could measure how much of each metal that was deposited onto the skin by each work process. After the exposure period, the workers returned to the research operator for sampling from the skin surfaces. A flexible plastic foil template (2 cm 2 for the fingers and 9 cm 2 for palm, back of the hand, and forehead) was placed on the skin and the area was marked by indicating the corners (Fig. 1) . A clean template was used for each surface to be sampled to avoid cross-contamination. The marked area was then wiped with three consecutive cellulose wipes moistened with 0.5 ml of 1% nitric acid. All the wipes used for one and the same area were then put in a container holding 23.5 ml nitric acid (1%) and shaken for 30 min to extract the metals. The solutions were transferred into sampling tubes for analysis using inductively coupled plasma mass spectrometry (ICP-MS).
Structured interview
All workers had to answer questions asked by the research operator regarding use of protective gloves, type of gloves, use of skin cream for hands, contact with water per day, history of eczema on hands or face, and whether or not they had an ongoing eczema on hands or face at the day of sampling. After sampling, they were also asked to describe, in detail, the work tasks that they had performed during the exposure period. Acid wipe sampling The methodology, materials, and equipment are described in detail elsewhere (Lidén et al., 2006b) . In short, 1% nitric acid, prepared by diluting 65% nitric acid (p.a., Merck KGaA, Darmstadt, Germany) with deionized water was used for all cleaning and sampling procedures. Acid-washed polypropylene test tubes (Sarstedt, Landskrona, Sweden) and bottles with screw caps (VWR International AB, Stockholm, Sweden) were used for all reagents, diluents, and samples. Cellulose wipes (injection wipes by Paper-Pak Sweden AB, Sundbyberg, Sweden) were used for acid wipe sampling. The wipes were torn into two parts before use, to get a practical size ($20 cm 2 each). The corners of the sampling area were indicated using a pen with red ink (LumocolorÒ permanent universal pen F 318-2, Mars GmbH & Co. KG, Nürnberg, Germany). Metal-free and acidwashed plastic foil templates were used to display sampling areas. Vinyl protective gloves were used by the operator during sampling and preparatory work. The operator changed gloves between each surface to be sampled to avoid cross-contamination. After wiping the surfaces with three consecutive wipes moistened with 0.5 ml 1% nitric acid, the wipes were put into one container for each wiped area and were extracted with 23.5 ml 1% nitric acid. The solutions were transferred to acid-washed (10% nitric acid; 65% p.a., Merck, Darmstadt, Germany) polyethylene low-density test tubes (Sarstedt, Nümbrecht, Germany) for ICP-MS analysis.
Chemical analysis
Total amounts of the three metals (nickel, cobalt, and chromium) were measured by ICP-MS with a collision/reaction cell system (Agilent 7500ce, Agilent Technologies, Waldbronn, Germany), autosampler Cetac ASX-510, and an integrated sample introduction system. The ICP-MS was operated in helium mode (5.0 ml min À1 ) at 1550 W, with a reflected power of ,5 W. Acquisition parameters: argon gas flow rates, cooling gas 15 l min À1 , auxiliary gas 0.9 l min À1 , nebulizer gas 1.01 l min À1 , carrier gas 0.77 ml min À1 , and makeup gas 0.24 ml min À1 . Germanium, m/z 74, 100 lg l À1 (High Purity Standards, Charleston, SC, USA) was added on line as internal standard. Solutions of nickel 1000 -3 lg ml À1 in 2% HNO 3 , cobalt 1000 -3 lg ml À1 in 2% HNO 3 , and chromium 1000 -3 lg ml À1 in 2% HNO 3 (High Purity Standards) were used as stock standards. A solution containing a mixture of Ni, Co, and Cr in 1% nitric acid was used and Ni, m/z 60, Co m/z 59, and Cr m/z 52 and m/z 53 were monitored. .
RESULTS
Metals
Nickel, cobalt, and chromium were detected on the skin of all workers, but there was a considerable variation in the total amounts of the three metals between skin surfaces (Table 2 ). The quality control indicated that the results for total chromium might be overestimated by a few per cent, however; this does not affect the overall interpretation. The exposures differed markedly between the three departments, as illustrated in Fig. 2 , showing the total amounts of each metal found on the skin (palm, index and middle fingers, and thumb) of individual workers by department. Tasks preformed by several workers were dry and wet sharpening of hard metal drills, cutting tips and blades, handling of goods, thermal application of metal-containing powders to items, sorting incoming and outgoing goods, as well as computer work.
In each worker, the total amounts of metals detected on the fingers and the palm were consistently higher than that on the forehead and the back of the hand ( Table 2 ). The highest amount was generally found on the thumb. In Department 1 (tools sharpening), the highest deposition of cobalt was 4.5 lg cm À2 h À1 , which was extracted from a thumb of one worker. The range of cobalt deposition among all skin surfaces studied was 0.0013-4.5 lg cm À2 h À1 . The highest levels were found among the three workers sharpening small hard metal items. Chromium and nickel were detected at lower levels (range 0.00004 to 0.11 and ,0.000001 to 0.37 lg cm À2 h À1 , respectively). In Department 2 (space propulsion components), chromium showed the highest skin deposition levels compared to the other departments, ranging from 0.0001 to 0.58 lg cm À2 h À1 . The highest chromium exposure was observed in the work with small space propulsion components. Nickel was also detected at levels up to 3.2 lg cm À2 h
À1
. Cobalt deposition on skin was low, ranging from ,0.000001 to 1.1 lg cm À2 h À1 . In Department 3 (thermal application), the highest exposure of nickel was detected. One worker had levels of 15 lg cm À2 h À1 on the index and middle fingers. The worker had worked with a nickelcontaining powder during the exposure period. Cobalt was detected at 0.0013-0.48 lg cm À2 h
and chromium at 0.0008-0.2 lg cm À2 h À1 . The workers who mainly worked with computers also had detectable levels of nickel, cobalt, and chromium on their hands, indicating deposition from different contaminated surfaces.
Structured interview
None of the workers reported ongoing hand eczema at the time of the study but one reported facial eczema, which was also observed by the research operator, but not on the sampling area of the forehead. One worker had a history of hand eczema and two had a history of facial eczema sometime during the last 12 months. Six workers revealed that they considered the skin of their hands to be very dry. Only three of them used moisturizers regularly at work, although moisturizers were easily accessible to all workers in all departments. In total, 14 of the 24 workers used skin moisturizer on their hands before, during, and after work.
The workers had been asked not to wear gloves during the 2-h exposure period, if they agreed and in accordance with the company policy. However, some had to use gloves when dipping their hands into liquids or when company policy stated that they had to use gloves. In Table 1 , the use of gloves during the study and if workers normally used gloves is Department 1 worked with tools sharpening, Department 2 with space propulsion components, and Department 3 with thermal application of surface layers. Acid wipe sampling (Lidén et al., 2006b ) and ICP-MS were used for sampling and chemical analysis. All data on skin surfaces are corrected for the amount found on the reference finger. Eight workers participated from each department. a ,LOD 5 below limit of detection 5 0.000001 for surfaces of 9 cm 2 and 0.00006 for surfaces of 2 cm 2 .
Skin deposition of nickel, cobalt, and chromium 345 presented. A total of 12 workers reported that they normally never use gloves and consequently did not use them during the exposure period. Seven of these worked within Department 1 (tools sharpening) and they did not wear gloves because of the risk of getting stuck in the grinder when sharpening small items. Workers who performed wet sharpening applications in Department 1 did not wear gloves but they used a cloth to dry off their hands. Of the remaining five workers, three did not consider having intense contact with metals (computer work) but two were within production with exposure to metals. A total of five workers stated that they normally wear gloves and seven workers that they wear gloves Fig. 2 . The total amount of nickel, cobalt, and chromium (lg cm À2 h À1 ) deposited on the palm (white bars), index and middle finger (grey bars), and the thumb (black bars) of the 24 participating workers. Workers 1-8 worked at Department 1 (tools sharpening), workers 9-16 in Department 2 (space propulsion components), and workers 17-24 in Department 3 (thermal applications). The highest levels of nickel were present in Department 3; Department 1 had the highest levels of cobalt; and Department 2 had the highest levels of chromium. sometimes when performing specific tasks such as dipping hand into liquids or when the company policy required it.
DISCUSSION
Using the novel acid wipe sampling technique, we were able to reveal different patterns of skin deposition of nickel, cobalt, and chromium among workers producing components for gas turbines and space propulsion. The acid wipe sampling method is designed to measure the total dose of metals that is deposited onto the skin surface and not skin absorption. Both chromium VI (Cr VI) and chromium III (Cr III) are known skin sensitizers, while it is generally considered that Cr VI is the major problem (Lidén et al., 2006a) . Total chromium was detected by our analytical instrument, thus including also metallic chromium (Cr 0). In general, the fingers had much more metals on the skin surface than the back of the hand and the forehead, indicating that the skin exposure was mainly due to contact with solid items, rather than deposition of airborne particles. The difference between workers in metal deposition on skin surfaces can be explained by the fact that the workers had very varying work tasks during the exposure period and that the use of gloves varied depending on the work tasks ( Table 1) .
As expected, the highest deposition of cobalt on the skin was found within Department 1 (tools sharpening, as shown in Fig. 2) , where the handled items consisted largely of tungsten carbides containing cobalt. Dry sharpening of items gave rise to the highest levels of skin deposition of cobalt. Out of the three workers (2, 3, and 5) who preformed dry applications, two (workers 2 and 3) displayed elevated amounts of cobalt on the skin. This exposure difference might be attributed to the fact that the two workers (2 and 3) worked with smaller items, which implies that their hands were closer to the actual grinding plate of the machine. However, there were also differences in the process ventilation on the machines. Generally, the process ventilation was placed to protect the workers from inhaling airborne dust. On the machines used by the two workers with higher deposition on the hands, the process ventilation was placed above the hands, resulting in dust exposure of the hands. In the machine used by worker, 5, with less deposition on the hands, the process ventilation was placed under the hands thus not increasing exposure of the hands. This shows that it is important to consider where the process ventilation should be placed to protect the workers airways and skin from airborne exposure to dust. However, to further study this issue, air sampling has to be made, which was not part of the present study design.
Wet sharpening (workers 6, 7, and 8) of hard metal items did not give rise to as high deposition of cobalt on the hands as the dry sharpening. This might be explained by the fact that these workers used a cloth on which they dried their hands off. However, we did not study this aspect which could be of interest. Also, they did not have the same intense contact with the metal items, i.e. they did not hold and touch them as often as did the workers in the dry sharpening.
The highest skin deposition of chromium was observed among the workers in Department 2 (space propulsion components), with $0.06 lg cm À2 h À1 on the fingers. They worked with production of nozzles and combustion structures for airplanes and rockets. These items consisted of two metal alloys, one containing 74% nickel and 16% chromium and the other 53% nickel, 20% cobalt, and 20% chromium. The highest levels of skin exposure to chromium (workers 14 and 15, with one order of magnitude higher values than the medians) were found on the hands of laser operators, who cut holes in different items (chromium 20%) and then removed them from the laser machine (Fig. 2) . This task is normally performed using gloves, but as soon as the temperature of the processed items had decreased (cooled down), the workers removed the gloves. As a result, the hands were exposed to all the dust generated by laser cutting. This process also gave rise to high deposition of nickel and cobalt on these two workers' hands. The third highest amount of chromium was found on the hand of a worker (no. 13) who pulled a chromium-containing (19%) metal thread through the holes in a laser cut profile (16% chromium), to ensure that no remaining particles from the laser cutting was stuck in the profile. This work, requiring a great deal of dexterousness, was preformed without gloves, resulting in high exposure to chromium, probably both from handling the threads and the manufactured structures. The highest overall exposures to nickel were found in workers within Department 3 (thermal applications). The median levels on the fingers were $0.5 lg Ni cm À2 h À1 and for the palm of the hand 0.3 lg Ni cm À1 h
À1
. Three workers (17, 23, and 24) had extremely high levels of nickel on their index and middle fingers (6, 3, and 15 lg cm À2 h À1 , respectively). Also the thumbs and the palms of these three workers were heavily contaminated. This was not surprising as they, among other things, used different kinds of nickel-containing powders. Sometimes, these workers also handle powders containing Skin deposition of nickel, cobalt, and chromium 347 chromium and cobalt, but not on the particular day of the sampling. Low levels of cobalt could still be found on the skin of the workers, which might have come from contaminated surfaces or from the metal items they handled. One worker (23) in Department 3 had a high chromium exposure compared to other workers in Departments 1 and 3, although not as high as the ones found in Department 2. The chromium exposure would most likely have come from the abrasive blasting on materials containing chromium. Although this process is performed in an enclosed machine, by a fully automated process, the worker has to step inside the machine before and after the process to perform control measurements and to remove the item at the end of the blasting (Fig. 3) . In Department 3, gloves were only used when metal objects had to be protected from contact with the workers' skin. The gloves used were made of thin cotton through which metal powders could easily pass and contaminate the skin. When interpreting the deposition of metals to the skin of the workers in the three departments, it is important to remember that the amount of metal deposited onto the skin in some of the workers might have been higher than it normally was when performing the same task. This may be the case for workers 9, 11, 12, 21, and 24 ( Fig. 2; in Departments 2 and 3) who did not wear gloves, which they normally do (workers 9, 21, and 24 because of company policy). The same is possibly also a factor for workers 1, 13, 14, 15, 16, 17 , and 23 who normally used gloves sometimes. However, the latter group of workers does not always wear gloves when performing the specific tasks they had during the exposure period. Therefore, the measured deposition of metals on skin can be considered representative of the workdays without gloves.
In a previous study of metals' exposure in an industry with wet sharpening of hard metal and stellite blades, both cobalt and chromium were present in hand-wash samples (using flame atomic absorption spectrometry) (Linnainmaa and Kiilunen, 1997) . The levels of cobalt and chromium found in the hand-wash samples were 0.4-6.7 and 0.14-1.6 mg, respectively. Unfortunately, no surface area of the hands or exposure time was given. However, to make a comparison with the result from our study, we used data on the size of hand surface (420-448 cm 2 ) from the scientific literature (EPA, 1997; Bremmer et al., 2006; Lee et al., 2007) . Recalculating our cobalt values from lg cm À2 h À1 to mg h À1 gives a level of 0.08 mg h À1 (0.007-0.8 mg h À1 ); 0.06 mg h À1 (0.008-0.3 mg h À1 ); and 0.05 mg h À1 (0.005-0.1 mg h À1 ) for Departments 1, 2, and 3, respectively. These levels are lower than the levels found in the Linnainmaa and Kiilunen (1997) study, but those workers were exposed to cutting fluids that recirculate, which contain high levels of cobalt (mean 696 mg l À1 , range 1.2-5100 mg l À1 ). Linnainmaa and Kiilunen (1997) also found that cobalt was absorbed through the skin when exposed to high levels, as evaluated based on increased urinary cobalt levels. They concluded that skin exposure is an important route of cobalt uptake in cases of continuous exposure, although not to the same extent as exposure from inhalation. Furthermore, they also showed that even if the hands were washed up to five times with soap and water, only $60% of the cobalt content was removed from the hands. Although we used a very efficient sampling method, in the present study, we were also unable to completely remove all metals from the skin surfaces. The nonexposed reference surface in some workers in our study still had detectable levels of the three metals. When the acid wipe method was developed, the recovery for nickel, cobalt, and chromium was .90% when presented on the palm and arms. This shows that the acid wipe sampling technique is better adapted to measure skin deposition of metals than other washing methods, especially since it also provides a concentration per unit area (lg cm À2 h À1 ), the most relevant for skin sensitizers.
Our result implies that even though the workers wash their hands several times during a workday, they will still be exposed to nickel, cobalt, and chromium on the skin, which may contribute to an elevated body burden of the metals and also risk for sensitization. In our previous study of deposition of nickel, cobalt, and chromium on the hands of carpenters, locksmiths, and cashiers, using the same acid wipe sampling method as in the present study (Lidén et al., 2008a) , the amounts of metals deposited on the skin were much lower than in the present study. The highest levels of metals were found on the skin of cashiers and locksmiths. Cashiers had the highest levels of nickel deposited on their hands with a range of 0.005-2.07 lg cm À2 h À1 , and locksmiths had 0.05-0.63; 0.004-0.15; and 0.0002-0.003 lg cm À2 h À1 for nickel, chromium, and cobalt, respectively. The highest level of nickel deposition on the hands of the workers in the present study was found to be $20 times higher than for the locksmiths. The amounts of nickel deposited on skin in carpenters, locksmiths, and cashiers were judged capable of eliciting allergic contact dermatitis and inducing sensitization. This is also the case for the much higher levels of nickel and cobalt detected in the present study. Skin deposition of nickel, cobalt, and chromium 349 CONCLUSION Process-related variation in skin deposition of nickel, cobalt, and chromium was assessed in three departments in an industry for development and manufacturing of components for gas turbines and space propulsion. All workers were exposed to high levels of nickel, cobalt, and chromium, particularly on the skin of the fingers, indicating exposure via contact with metal items rather than deposition of airborne metals. Even after thorough cleaning of the skin with soap and water, we could detect levels of the metals on the skin using the acid wipe sampling technique, showing that the workers in these settings have a continuous exposure even after the workday has ended. The levels of nickel and cobalt in this study are judged to be able to induce sensitization and elicit allergic contact dermatitis. The acid wipe sampling technique was easy to use under the conditions of the study. It may be used to characterize skin exposure to metals in risk identification, in risk management, and in follow up of intervention.
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